Purpose: To date, there has not been a large, systematic evaluation of the prevalence of germline risk variants in urothelial carcinoma (UC).
INTRODUCTION
The burden of bladder cancer in the United States is substantial with over 80,000 new cases and 17,000 deaths expected in 2019. 1 Despite the recent incremental therapeutic advances in the treatment of urothelial carcinoma (UC), primary and secondary prevention strategies may have the greatest influence on reducing morbidity and mortality of this disease. As such, in-depth understanding of the environmental and genetic contributors to increased risk of bladder cancer is warranted.
While previous studies have demonstrated familial risk and heritability for bladder cancer, 2,3 prognostic and therapeutic implications of germline variants in bladder cancer patients are increasingly recognized. 4, 5 UCs are known component cancers of Lynch syndrome, which is caused by pathogenic variants in mismatch repair genes (including MLH1, MSH2, MSH6, and PMS2). [6] [7] [8] In fact, the cumulative risk of developing bladder cancer by age 70 years in MSH2associated Lynch syndrome patients was reported to be 12.3% for men and 2.6% for women. 8 In addition, a recent study of 98 Chinese patients with bladder cancer reported germline DNA damage repair gene (DRG) variants in 10.2% of cases. 5 However, currently germline data in UC is limited to small studies in specific ethnic groups or studies with incomplete family histories. These limitations may stem from poor access to clinical genetics evaluation, lack of awareness of the potential value of germline testing in UC patients, cost of testing, or availability of germline DNA biobanking. Collectively, the lack of available data has made it difficult to endorse a role for germline genetic testing in clinical practice guidelines, and the absence of practice guidelines then limits the availability of data on which to base recommendations. The lack of published data underlies the need for a larger systematic evaluation of germline variants in UC.
Herein, we describe the prevalence of germline cancer risk variants among a large cohort of high-risk UC patients completing genetic testing. This study is the largest to date to examine germline cancer risk variants and identify associated clinical factors in patients with UC.
MATERIALS AND METHODS

Patient cohort
Personal history information from requisition forms and medical records was manually reviewed for 1038 patients with urothelial carcinoma who completed germline genetic testing via one commercial laboratory between 2015 and 2018. Clinical germline genetic testing was performed at Invitae (San Francisco, CA), a laboratory that is certified for clinical use and patient reporting under CLIA and accredited by the College of American Pathologists (CAP). Each patient had between 1 and 130 genes analyzed. The majority of patients (n = 1002, 97%) completed a multigene panel test of ≥5 genes. Patient data were de-identified and Western Institutional Review Board provided study oversight and approval. Western Institutional Review Board protocol number 1167406 waived the requirement to obtain written patient informed consent. Ethnicity data were collected for most patients by self-report at the time of test ordering and grouped based on categories reported in the Exome Aggregation Consortium (ExAC) 9 database.
Targeted sequencing
Genomic DNA was extracted from whole blood using a QiaSymphony (Qiagen, Hilden, Germany). Targeted genes were captured using Agilent (Santa Clara, CA) SureSelect probes or Integrated DNA Technologies (Coral, IL) xGen Lockdown probes at positions where SureSelect yield was inadequate. Next-generation sequencing 10 was performed on the Illumina (San Diego, CA) MiSeq or HiSeq 2500 to at least 450× average coverage of 2 × 150 reads, with a minimum of 50× required at every targeted position. Stringent process controls were used to minimize read-depth variability, and up to eight anonymous blood samples were used as control specimens in each run to measure remaining coverage variability. 11 
Germline variant calling and assessment
Reads were aligned to the reference human genome sequence GRCh37 12 using Novoalign (Novocraft Technologies, Selangor, Malaysia). Sequence variants were then analyzed for indels and single-nucleotide variants (SNVs) using the Genome Analysis Toolkit (GATK). 13 Copy-number variants were called using read-depth analysis with CNVitae. 11, 14 Splitread analysis 15 was performed as described previously 16 to detect genomic structural variants. Candidate variants were classified as pathogenic (P) or likely pathogenic (LP) if they involved large genomic events or conferred a truncating, initiation codon or splice donor/acceptor effect; if functional data showed an impact on protein function; or if pathogenicity was otherwise reported in published literature. 17 P and LP variants were orthogonally confirmed using Sanger sequencing or multiplex ligation-dependent probe amplification (MLPA) 18 in accordance with Invitae standard operating practices. 11 Confirmed variants were then interrogated using refined American College of Medical Genetics and Genomics criteria (Sherloc). 19 In this study, "pathogenic" variants were defined as those classified as P or LP. Variants of unknown significance results were excluded from this study. For each of the examined genes, the frequency of pathogenic germline variants relative to the number of patients sequenced was calculated (Table S1 .3, Fig. S1 ).
Selection of DRG pathways
Among the examined genes, genes with more than 100 total requisitions were analyzed (n = 83 genes, Tables S1.3, S1.4). DRGs (n = 22) were defined in this study by their presence in one of the following pathways as previously described by our group: 20,21 homologous recombination, Fanconi, nucleotide excision repair, mismatch repair, and other (Table S1.4).
Enrichment analysis
For each of the examined DRGs, we calculated the frequency of pathogenic germline variants relative to the number of patients in which the gene was tested. We then performed enrichment analysis and compared the frequency of pathogenic germline variants in UC patients with the frequency of these gene variants in a population of cancer-free controls derived from ExAC. 9 Since ancestry in our cohort was physician-reported, we followed special considerations when selecting the comparator control group from ExAC. For each gene, we selected the corresponding population in ExAC with the highest frequency of pathogenic germline variants in that gene. As an example, the East Asian ExAC population has the highest reported frequency of MSH2 germline variants among all ancestries (0.23%). As such, the East Asian ExAC population was used as the control group when comparing the prevalence of pathogenic MSH2 variants with our UC cohort.
For the enrichment analysis, we included all pathogenic variant calls from our cohort except for genomic alterations not included in ExAC data release that was used for the analysis (deletions [n = 15] or duplications [n = 1] spanning entire exons) or intronic regions without adequate coverage (n = 1). Of note, loss-of-function (LOF) variants in CHEK2 and low penetrance CHEK2 p.Ile157Thr variants were analyzed separately as they exhibit distinctive functional and clinical features.
Clinically actionable genes
Actionable genes were defined as established cancer predisposition genes that confer a higher risk for any cancer phenotype and for which enhanced screening and family genetic testing are recommended by the National Comprehensive Cancer Network (NCCN). APC, ATM, BRCA1, BRCA2, BRIP1, CHEK2, MLH1, MSH2, MSH6, MUTYH, PALB2, PMS2, RAD51C, RAD51D, and TP53 met these criteria. 22, 23 
Statistical analysis
Two-sided Fisher's exact tests were used to calculate the odds ratios (OR), 95% confidence intervals (CI), and P values of all enrichment analyses. We applied Bonferroni correction for the number of independent tests conducted and with a significant p value cutoff of 0.05. Associations between pathogenic germline variants and gender, or site of UC were evaluated with the use of two-sided Fisher's exact tests. The Mann-Whitney test was used to analyze associations with the age at diagnosis.
RESULTS
Patient characteristics
Data on 1038 patients with urothelial carcinoma (UC) of the bladder (923, 89%) or upper tract (67, 6%) were analyzed (Tables 1, S1.1). The site of UC was unknown for 48 (5%) patients. The mean age at testing was 58 years (range 6-89 years). Most patients were white non-Hispanics (787/1038, 76%). Multiple primary tumors were common: 672 (65%) patients had a personal history of another malignancy, excluding nonmelanoma skin cancers, with breast (n = 192, 18%), prostate (n = 173, 17%), and colon (n = 128, 12%) being the most common. In addition, 113 patients (11%) reported one or more first-or second-degree relatives with UC ( Table 1) .
Germline genomic landscape of urothelial carcinoma
For the genes analyzed (mean = 45, median = 42, range = 1-130), 203 pathogenic variants were reported. The cumulative frequency of patients with pathogenic germline variants in all examined genes was 24%. Overall, the highest frequency of pathogenic germline variants was in MSH2 (34/969, 3.5%, 95% CI = 2.5-4.9%), BRCA1 (20/867, 2.3%, 95% CI = 1.5-3.5%), BRCA2 (18/867, 2.1%, 95% CI = 1.3-3.3%), heterozygous MUTYH (15/754, 2.0%, 95% CI = 1.2-3.3%), and ATM (13/827, 1.6%, 95% CI = 0.9-2.7%) as shown in Tables 2 and S1.3. Loss-of-function and low penetrance CHEK2 variants were each identified in 1.4% (12/862, 95% CI = 0.8-2.4%) of patients. There were diverse variant types observed by gene ( Fig. 1 , Table S1 .2). Of note, fumarate hydratase (FH) pathogenic germline variants were found in 1.3% (5/390, 95% CI = 0.5-3.0%) while germline variants in the melanocyte inducing transcription factor (MITF) were detected in 1.2% (4/339, 95% CI = 0.5-3.0%, Table S1 .3). Among the five FH germline carriers, none had a diagnosis of renal cell carcinoma. Of the four MITF p.E318K carriers, only one patient had a personal history of an MITF-associated malignancy (melanoma) (Table S1.1).
Among the 366 UC patients who did not have a personal history of a second malignancy, the frequency of pathogenic germline variants in all the genes analyzed was 24.4%. In this subset, germline genetic variants were most frequent in MSH2 (13/339, 3.8%, 95% CI = 2.3-6.5%), BRCA1 (10/281, 3.6%, 95% CI = 1.9-6.4%), and heterozygous MUTYH (7/246, 2.8%, 95% CI = 1.4-5.8%).
Pathogenic germline variants in DRGs
Among the 1038 patients, 20% harbored pathogenic germline variants in one of the DRGs. The frequency of germline variants in DRGs was 19.3% among patients with UC only (n = 366). Pathogenic variants in the homologous recombination (HR) pathway were the most prevalent, occurring at a cumulative frequency of 11.1% (Table S1 .4, Fig. S2 ). Among the HR pathway genes, a total of 20 pathogenic variants were identified in BRCA1 and another 18 pathogenic variants were found in BRCA2. Of those, 18 of 20 (90%, CI = 70-98%) and 16 of 18 (89%, CI = 67-98%) carried LOF variants ( Fig. 1 , Tables 2, S1 .2), respectively. Additionally, our analysis identified 13 pathogenic variants in ATM. Of those, 12 (92%, CI = 67-100%) caused LOF either by a protein truncating effect (n = 11) or by amino acid substitution in the functionally critical FAT domain (n = 11) (Figs. 1, 2, Table S1 .2). The mismatch repair (MMR) pathway had the next highest frequency of pathogenic variants. MMR genes, including MLH1, MSH2, MSH6, and PMS2, are associated with an increased risk of urothelial carcinoma. 7 Pathogenic germline variants in these genes were detected in 5.9% of patients and represented a quarter of the total germline variants detected in DRGs. The classes of germline variants and their loci relative to the domains for all four Lynch syndrome genes were evaluated ( Fig. 1) . All MSH2 pathogenic variants (n = 34) were predicted to cause LOF with 11 (32%, CI = 19-49%) MSH2 pathogenic calls involving exonic deletions. Six of 10 (60%, CI = 31-83%) pathogenic variants in MLH1 led to protein truncation. One variant p.Gly67Arg affected the histidine kinase-, DNA gyrase B, and HSP90-like ATPase (HATPase_c_3). Among the eight germline variants in MSH6, six (75%, CI = 41-96%) were truncating. Both pathogenic germline variants in PMS2 were missense and involved either the HATPase-or MutL-C terminal domains (Fig. 1) .
Enrichment of germline DNA damage repair variants in urothelial carcinoma
Based on data from prior studies suggesting higher frequency of germline defects in the MMR pathway in UC, we performed enrichment analysis on an expanded set of 17 DRGs (see "Materials and Methods"). Gene coverage, various population groups, and their cohort sizes are shown in Supplementary Tables S1.5 and S1.6. Using a p value of less than 0.05 for significant associations (correcting for the number of conducted tests), we showed a significant pathogenic variant enrichment of ATM, BRCA2, MLH1, and MSH2 in our cohort relative to cancer-free cohorts ( Fig. 2a, b , and Table 2 ). Systematic underestimation of the observed versus expected p value distribution was noted for the other genes analyzed, suggesting that a stringent analytic approach was followed ( Fig. S3 ).
Germline pathogenic variants in significantly enriched known UC risk genes
Our enrichment analysis findings showed that patients with germline alterations in MLH1 and MSH2 were roughly 15 times more likely to develop UC compared with cancer-free controls (OR = 15.9, 95% CI = 4.4-67.7, adjusted p < 0.0001 and OR = 15.4, 95% CI = 7.1-32.7, adjusted p < 0.0001, respectively). Of note, 7 of 10 (70%, CI = 40-89%) pathogenic variants in MLH1 led to LOF.
Germline pathogenic variants in additional significantly enriched DRGs
In addition to MLH1 and MSH2, our analysis also identified significant enrichment in two other DRGs, ATM and BRCA2. Compared with cancer-free individuals, patients with UC were roughly six times more likely to carry pathogenic variants in BRCA2 (OR = 5.7, 95% CI = 3.2-9.6, p < 0.0001). Our enrichment analysis also demonstrated that germline pathogenic variants in ATM were approximately four times more frequent in the UC patients compared with the ExAC cohort (OR = 3.8, 95% CI = 1.8-8.3, adjusted p = 0.02).
Actionable germline variants in urothelial carcinoma
The prevalence of actionable pathogenic variants in UC patients was 18.6%. Lynch syndrome gene variants represented 5.9% of the total 18.6% ( Table 3) . Highly penetrant 
DISCUSSION
Several published studies have reported on somatic drivers of urothelial carcinoma. 24, 25 Others have correlated such drivers with therapeutic outcomes and elucidated novel potential biomarkers. For example, DRGs have been shown to enhance sensitivity to platinum-based regimens and immune checkpoint therapy in both neoadjuvant 26, 27 and metastatic settings. 28, 29 However, so far, the prevalence and significance of germline drivers of UC have not been fully characterized. Herein, our analysis of 1038 patients with cancer of the bladder or upper tract revealed a prevalence of germline variants in 24% of patients with the majority (20%) harboring variants in DRGs. This finding is consistent with prior studies though prior studies are limited by small numbers or enriched by patients with advanced disease. One study of East Asian bladder cancer patients (n = 98) found pathogenic and likely pathogenic variants in DRGs occurred in 10.2%. 5 Another report of 101 UC patients sequenced using a 76-gene panel (MSK-IMPACT) revealed pathogenic or likely pathogenic germline variants in 22% of patients. Of the 101 patients, 27% had metastatic disease. 30 In this cohort, we reported significantly higher rates of germline pathogenic variants in ATM, BRCA2, MLH1, and MSH2 relative to cancer-free control individuals. MLH1 and MSH2 have been correlated with heritable risks for UC. 7 The power of the size of our cohort enabled the discovery of other significantly altered genes. Beyond MLH1 and MSH2, our analysis identified significant enrichment in two other genes (ATM and BRCA2) that have not been previously associated with a higher risk of UC. ATM encodes a protein kinase and is an essential component of the HR pathway. In response to Fisher's exact test was used to calculate the odds ratios (ORs) and 95% confidence intervals (CIs). A two-sided binomial test was used to compute the p values. (b) Applying a false discovery rate of less than 0.05 (genes above the red dotted line), MSH2, ATM, MLH1, and BRCA2 showed significant enrichment of pathogenic germline variants in the urothelial carcinoma cohort compared with the corresponding cancer-free populations showing the highest frequency of variants for each gene.
double-strand breaks in DNA, ATM phosphorylates downstream cellular processes that ultimately regulate DNA-end resection. 31 Prior studies have focused on ATM's pivotal role in cancer development and associated heterozygous carriers of ATM variants with increased risks of breast cancer, colorectal cancer, 20 and potentially pancreatic cancer. 32 BRCA2 is another HR pathway master regulator that encodes a protein that mediates the recruitment of the recombinase RAD51 to DNA double-stranded breaks. 33 Although prior studies clearly linked pathogenic ATM and BRCA2 variants to the development of several cancers, none have associated such variants with an increased risk of UC. However, adequately controlled enrichment studies (where genomic data of cases and controls are jointly analyzed and robustly stratified for ancestry) are still needed to validate such findings and to delineate the potential gene-specific UC risk.
Germline variants in DRGs were found in 20% of patients, among which HR pathway genes contributed to almost half of the DRG variants. These results are strikingly consistent with prior work that showed germline alterations in DRGs were present in 19% of patients with UC. The same group also showed that variants in HR and MMR pathway genes occur in 11/101 (11%) and 8/101 (8%) patients, respectively. 30 Similarly, an analysis of 1040 patients with several cancers showed that among 16 patients with bladder cancer, 2 (13%) harbored pathogenic germline variants in the HR pathway. 34 In a separate study 5 of 98 East Asian patients with UC with all stages of disease who were referred for multi-DRG germline testing (n = 54 DRGs), 10.2% harbored pathogenic DRG variants, 1% had a pathogenic variant in an MMR gene, while 4 (4%) had variants in HR pathway genes. The differences in observed variant frequencies from our study may be due to variant calling processes or ancestry.
Recent studies have linked germline variants in canonical HR genes with substantial responses to poly (ADP ribose) polymerase (PARP) inhibitors, 35, 36 which augments DNA damage and leads to tumor cell death. 37 Ongoing trials (NCT02286687, NCT02286687) are also studying the association between HR genes and other DRGs with clinical outcomes in cancer patients treated with PARP inhibitors. Collectively, 5% of the UC patients in our study carried a variant in BRCA1, BRCA2, or PALB2, which are core components of the HR pathway. Additionally, our study found 5.9% of patients with germline MMR variants. This is especially pertinent in the setting of immune checkpoint inhibitors, which are currently approved for all solid cancers with evidence of MMR deficiency.
Taken together, a total of 11% of UC patients in our cohort had germline variants that may be informative for therapeutic decision making. In addition to the therapeutic utility, variants in these genes significantly increase a patient's lifetime risk of developing other malignancies, some of which have readily available and effective screening options. Moreover, identifying pathogenic variant carriers may initiate cascade genetic testing among at-risk relatives for risk stratification and tailored health management.
We also found pathogenic germline variants in FH and MITF in 1.3% and 1.2% respectively. Pathogenic germline variants in FH cause hereditary leiomyomatosis and renal cell carcinoma (HLRCC), a syndrome associated with papillary RCC and uterine and cutaneous leiomyomas. There have been two prior reports of FH pathogenic germline variants in UC patients. 30, 38 The MITF p.E318K variant has been associated with both melanoma and renal cell carcinoma. 39 Future studies focused on screening genetically enriched patients may be a powerful strategy to determine whether this variant or the FH variants confer an increased risk of urothelial carcinoma.
The heritability of bladder cancer is estimated to be 30% based on twin studies. 2 In our analysis, germline pathogenic variants in Lynch syndrome genes explained the higher risk of UC in only 6% of highly selected UC patients, leaving much of the missing heritability unexplained. Some may be explained by variants in other genes, such as DRGs involved in the HR pathway. However, future case-control studies of selected and unselected cohorts are required to explore novel UC risk genes. Our study has several limitations. First, our patients were selected for genetic testing based on a suspicion of heritable pathogenic variants: history of ≥1 other nonurothelial cancers, young age, or family history of cancer or cancer predisposition syndrome. Hence, our findings may not be generalizable to unselected UC cohorts. Second, several ethnic populations were underrepresented in this cohort including Hispanics, Asians, and African Americans, which is typical of genetic studies and has been attributed to pervasive disparities in this field. 40 Third, family history information was not directly derived from medical records, but rather was gathered from test requisitions, a method that can be prone to errors of omission. Fourth, data on other drivers of UC including smoking history and occupational exposures were not obtained. The stage of disease was not available, which precluded analysis germline variants by stage. Fifth, the raw genomic data were not available for analysis, which limited the ability to perform ancestry inference or joint genetic analysis and may have introduced unintended bias to the enrichment analysis. To mitigate this, we chose the ExAC cohort with maximum gene alterations as a control group. However, differences in sequencing depth of coverage and genomic interval capturing cannot be fully controlled in such analyses. Despite this being the largest study to date of UC patients completing germline genetic testing, there remain small numbers of pathogenic variant carriers per gene, making genotype-phenotype associations difficult. Paired tumor sequencing was not available and thus germline drivers of tumorigenesis were difficult to determine. Finally, given the variability in genes tested per patient, we limited the analysis to a subset of high-impact genes.
Conclusion
In this large study evaluating 1038 UC patients, 24% of patients carried pathogenic cancer predisposition variants with 20% harboring variants in DNA damage repair genes. In addition, this study prioritized DRGs with potential pathogenic variant enrichment that could be explored as UC risk genes in prospective case-control studies. While 11% of tested UC patients were found to have germline variants for which targeted therapeutics may be considered, actionable germline variants that have gene-specific NCCN cancer management recommendations were identified in 19% of UC patients. Overall, our data suggest a potential clinical utility of germline analysis of selected UC patients. Furthermore, studies are required to determine the effects of precision therapeutics targeting germline variants on outcomes in individuals with UC.
SUPPLEMENTARY INFORMATION
The online version of this article (https://doi.org/10.1038/s41436-019-0720-x) contains supplementary material, which is available to authorized users.
